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Synaptic plasticity: Neighborhood influences
Venkatesh N. Murthy
Recent studies indicate that, when the strengths of specific
synapses are modified by activity, changes in strengths
also occur at neighboring synapses; this neighborhood
influence has important implications for how synaptic
modifications implement learning and memory.
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The search for the mechanistic basis of memory motivates
a substantial portion of neuroscience research. The
modification of synaptic strength is the most studied, and
indeed the most favored, candidate mechanism for
implementing many forms of memory. The favored status
of synaptic modification arises, not in small part, from
demonstrations that individual synapses can be modified
in a specific, rapid and long-lasting manner. A cubic
millimeter of cortex contains about 109 synapses: if each
synapse can be individually tuned, a very large number of
memories could, in principle, be stored in the 1014
synapses present in the human cortex. The importance of
accurately evaluating the synapse specificity of these long-
term changes is evident.
Synaptic strength is typically defined as the average
change in current or voltage in a postsynaptic neuron
resulting from the activation of a synapse by an action
potential. The synaptic strength itself is a function of the
number and type of postsynaptic receptors and the presy-
naptic release probability — that is, how often a synaptic
vesicle is released when an action potential arrives at the
synaptic bouton. One well-studied form of synaptic modi-
fication occurs when a strong burst of synaptic stimulation
is coupled with postsynaptic depolarization, resulting in an
increase in the strength of the stimulated synapse to a
level that remains elevated for a number of hours. This
form of synaptic modification is known as long-term
potentiation (LTP) and occurs in a number of regions of
the brain, most notably the hippocampus that is thought
to play an important part in learning and memory.
LTP requires the influx of calcium ions into the
postsynaptic neuron through the N-methyl-D-aspartate
(NMDA) subtype of glutamate receptors. As NMDA
receptors become permeable to calcium ions only when
the postsynaptic membrane is depolarized from rest, it is
generally believed that cooperative and repeated activation
of many synapses is required to allow sufficient calcium
entry into the postsynaptic cell to cause changes in synap-
tic strength. In contrast, weak and repeated activation of
synapses — for example, activation of the synapse once
every second for a period of a few minutes — leads to a
persistent decrease in synaptic strength. This phenome-
non, termed long-term depression (LTD), also appears to
require the activation of NMDA receptors and postsynap-
tic influx of calcium ions. It is not clear what determines
whether LTP or LTD occurs: a simple hypothesis is that
the amount of calcium that flows into the postsynaptic site
determines the outcome of the plastic changes — rela-
tively small amounts of calcium induce LTD and higher
concentrations of calcium induce LTP.
A fundamental requirement for LTP is some form of
correlated presynaptic and postsynaptic activity. Indeed,
this is the property that confers synapse specificity — that
is, the restriction of long-term changes in synaptic strength
to the activated synapse alone. If this is an absolute
requirement for LTP, then only those synapses that have
correlated presynaptic and postsynaptic activity should be
modified. A few years ago, however, the first seeds of
doubt were cast on the idea of strict synapse specificity
when it was reported that LTP can spread to neighboring
synapses where the correlated presynaptic and postsynap-
tic activity did not occur [1,2]. Nevertheless, in the face of
numerous previous studies reporting input-specific LTP,
a healthy skepticism was maintained. Recently, however,
several studies have strengthened the case that LTP and
LTD can spread to neighboring inactive synapses.
By using cultures of slices of hippocampus and a local
superfusion technique, Engert and Bonhoeffer [3] were
able to localize synaptic transmission to a group of
synapses within a circular area of diameter ∼ 30 µm. This
localized transmission was achieved by bathing the slice in
a solution containing a very low concentration of calcium,
in the presence of cadmium ions to block voltage-gated
calcium channels and hence synaptic transmission. A small
area was then superfused with normal saline permitting
synaptic transmission only within that specific area. In this
way, LTP could be induced only at synapses within the
30 µm diameter spot. When the superfusion spot was
moved to a neighboring area where synaptic transmission
should not have occurred during LTP-inducing stimula-
tion, these synapses were also found to have undergone
LTP. Control experiments demonstrated that the neigh-
boring synapses were indeed not releasing transmitter
during the LTP induction. This spread of LTP to
neighboring synapses was restricted to a physical distance
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of around 70 µm — synapses farther away did not exhibit
LTP. The authors therefore concluded that synapse
specificity breaks down at short distances. 
The local perfusion method allowed the suppression of
transmitter release at neighboring synapses, but not the
electrical activation of those axons. The question arises as
to whether electrical activity in the neighboring boutons is
required for the induction of heterosynaptic LTP (it is
termed heterosynaptic because it occurs at synapses that
are different from the ones manipulated). Engert and Bon-
hoeffer [3] addressed this question by stimulating two sets
of inputs that form synapses onto nearby dendrites. When
LTP was induced at one set of inputs, the other set of
inputs exhibited LTP, even though they were silent
during the induction procedure. Therefore, LTP spreads
to neighboring synapses even in the absence of presynap-
tic electrical activity at those synapses. In this situation,
spread of plasticity occurs to synapses on the postsynaptic
neuron (Figure 1a). The earlier papers [1,2] provided evi-
dence for spread to other synapses along the same axons
(Figure 1b). Whether similar mechanisms are involved in
the postsynaptic and presynaptic spread is unknown.
A different form of spread of synaptic plasticity has also
been described, whereby induction of LTP in one set of
synapses by tetanic stimulation — repeated high fre-
quency activation of fibres — causes LTD in neighboring
synapses [4,5]. A recent study by Scanziani et al. [5]
addressed the mechanisms involved in this form of het-
erosynaptic LTD. The occurrence of heterosynaptic LTD
appears to depend on the activation of NMDA receptors at
the site of induction of LTP but not at the synapses where
LTD occurs. This form of LTD does not depend on a rise
in postsynaptic calcium influx, because it is not affected by
the presence of calcium chelators in the recording
pipettes. Taken together, these findings suggest that a dif-
fusible intercellular messenger is produced during the
induction of LTP, which then causes LTD at synapses
that were inactive (or perhaps not sufficiently activated). 
A similar type of heterosynaptic LTD occurs in inter-
neurons in the hippocampus [6]. Tetanic stimuli that
induced LTP in pyramidal cells also caused LTD at
synapses on interneurons. LTD could be induced even
when interneurons were voltage-clamped during tetanic
stimulation, but could not be induced by ‘pairing’ — that
is by low frequency stimulation paired with postsynaptic
depolarization. In addition, LTD was observed in a
pathway that was not even stimulated during induction.
These findings suggest that activation of synapses onto
interneurons and subsequent postsynaptic calcium flux
are not necessary for induction of heterosynaptic LTD;
however, induction of LTP in pyramidal cells does seem
to be required. Therefore, the same mechanisms that
cause heterosynaptic LTD in pyramidal cells could be
responsible for this form of LTD in interneurons. 
Soluble diffusible messengers are typically postulated to
underlie the spread of LTP and LTD. The identity of
such diffusible messenger(s) remains unclear, although
potential candidates include nitric oxide and carbon
monoxide. How far does this messenger need to spread?
An estimate can be made from the studies of Engert and
Bonhoeffer [3], which revealed that LTP did not spread to
synapses greater than 70 µm away from the site of LTP
induction. However, as the perfusion spots were around
30 µm in diameter, and assuming that the separation
distance refers to the distance between the centers of the
perfusion spots, the minimum distance that the messenger
would have to diffuse to cause the LTP spread is 40 µm.
Simple radial diffusion calculations suggest that a
messenger the size of nitric oxide needs to be generated
continuously for several hundred milliseconds at the site
of LTP induction for any significant spread to occur over
such distances. 
Figure 1
If LTP is induced at one synapse (red),
neighboring synapses are also potentiated
(green). This spread of plasticity can be either
(a) postsynaptic, to adjacent synapses on the
same postsynaptic cell, or (b) presynaptic, to
adjacent synapses on the same axon. Both
types of spread are observed in real neurons.
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A recent report from Mu-ming Poo and colleagues [7] has
suggested that the spread of LTD might be more extensive
than implied in the discussion above. Using dissociated hip-
pocampal cell cultures, they obtained whole-cell recordings
simultaneously from triplets of neurons connected serially
(in a configuration A→B→C). In this system, a connection
between a pair of neurons is typically made up of tens, if
not hundreds, of synapses. When LTD was induced in
synapses from B→C, synapses from A→B were also
depressed, even though neuron A was not active during the
induction of LTD (Figure 2a). No depression occurred at
A→B if depression did not occur at B→C. The backward
propagation of depression was also not seen if synapse
B→C was an inhibitory synapse. In contrast to the back-
ward propagation, when LTD was induced in synapse
A→B, the depression did not propagate to synapse B→C,
that is, there was no forward propagation. In another set of
experiments, when LTD was induced at synapses B→C,
synapses D→C and B→D were also depressed by lateral
propagation, even though cell D was not active during
induction of LTD in B→C. This rather surprising spread of
synaptic depression in hippocampal neurons in culture is
reminiscent of the earlier studies from the same group
involving cultured neuromuscular synapses.
Taken together, the two experiments suggest that LTD
can spread extensively; however, this spreading does not
appear to be a simple neighborhood influence caused by
extracellular messengers. The authors reason that extra-
cellular messengers should also have had an influence in
the forward direction, because all synapses are likely to
be mixed uniformly in space in dissociated hippocampal
cell culture. Therefore, the authors propose that a retro-
grade intracellular messenger travels backwards from
axons to dendrites and causes depression of synapses onto
those dendrites (backward propagation). This messenger
can also spread along the axon to other synapses (lateral
propagation).
The physiological implications of the above findings for
neurons in intact brain tissue are not clear. A given neuron
will make synapses on hundreds of neurons, and on
average only one or a small number of contacts on any
single neuron. Such connectivity reduces the likelihood
that there will be simultaneous occurrence of LTD at
many different synapses, because the postsynaptic targets
are so divergent. If the retrograde signal is integrated over
many different synapses, the signal will register only when
a large number of synapses undergo LTD simultaneously.
In addition, if the retrograde signal persists for minutes or
hours, temporal integration can lead to significant back-
ward propagation. Another open question is whether an
analogous retrograde signaling process also occurs during
heterosynaptic LTP.
Can the different forms of heterosynaptic interactions in
synaptic plasticity be reconciled with each other? The
various forms of heterosynaptic changes can be summarized
as follows (Figure 1). When pathway A is paired with depo-
larization of cell 1, synapse A–1 undergoes LTP. In addi-
tion, synapse A onto cell 2 also undergoes potentiation, if
cell 2 is in close proximity (Figure 1b). In the Engert and
Bonhoeffer study, synapses B–1 also undergo LTP
(Figure 1a). In contrast, other experiments imply that the
B–1 synapses should in fact undergo LTD [8], although the
location of the synapses in these studies was unknown. It
would be interesting to determine whether heterosynaptic
LTD can be induced using the experimental protocol of
Engert and Bonhoeffer [3], which offers a more refined
spatial localization of synapses. The findings for LTD in
cultured neurons [7] do not appear to be accountable
simply by neighborhood relations (Figure 2).
Practically all learning theories, whether biological or
biologically inspired, use synaptic modifications as build-
ing blocks for memory. The question of specificity of
synaptic modification is therefore more than just an eso-
teric curiosity. The answer will affect how neuroscientists
think about elementary components of brain function,
such as formation and recall of memories. Just as neuronal
responses in many areas of the brain have strong neighbor-
hood relations, it appears that there may also be neighbor-
hood relations in the strength of synapses — such a
relation was recently found in cultured hippocampal
neurons [8]. Indeed, local correlation in synaptic strengths
could determine, in part, the similarity of responses of
neighboring neurons. Future studies will no doubt be
aimed at refining the rules for synaptic modification.
Figure 2
(a) Backward propagation: if LTD is induced at synapses from B→C
(red), synapses from A→B (green) are also depressed. (b) Lateral
propagation: if LTD is induced at synapses from B→C (red), synapses
from D→C (green) are also depressed.
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If you found this dispatch interesting, you might also want
to read the April 1997 issue of
Current Opinion in
Neurobiology
which included the following reviews, edited
by Susan D. Iversen and Robert U. Muller,
on Cognitive neuroscience:
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Mnemonic functions of the basal ganglia
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W. Schultz
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E. Tulving and H.J. Markowitsch
Memory consolidation, retrograde amnesia and the
hippocampal complex
L. Nadel and M. Moscovitch
Hippocampal lesions and path integration
I.Q. Whishaw, J.E. McKenna and H. Maaswinkel
LTP, NMDA, genes and learning
D.P. Cain
Serotonin receptors in cognitive behaviors
M-C. Buhot
Competitive brain activity in visual attention
J. Duncan, G. Humphreys and R. Ward
The neural system of language: structure and
development
A.C. Nobre and K. Plunkett
Brainstem, cerebellar and limbic neuroanatomical
abnormalities in autism
E. Courchesne
Genetic analyses of emotionality
T.C. Eley and R. Plomin
If you are, or become, a member of BioMedNet, the
worldwide club for biomedical scientists
(http://BioMedNet.com/), you can access any of these
reviews for $1 each.
